Abstract-This paper presents a unified control method for the combined permanent magnet generator (PMG) and three-phase boost rectifier that can be used in autonomous power systems such as more-electric aircraft requiring high power density. With the unified control, the paper shows the system can function well without additional boost inductors. The design procedure for the control is presented, including current loops, voltage loop, reactive power loop and rotor position estimator loop. Simulation and experimental results show that both the DC link voltage and reactive power could be controlled effectively. In addition, the paper proposes a method to optimize the overall system efficiency by appropriate reactive power distribution. The power density and efficiency of the PMG and rectifier system is improved with the unified control.
INTRODUCTION
In standalone power systems such as in various transportation systems, DC voltages are generally needed for feeding motor drives and for power distribution. Often, the DC voltage is obtained with a generator and rectifiers combination. [1] [2] [3] Compared with the conventional synchronous generator, permanent magnet generator (PMG) has many advantages such as high efficiency, high power density and easy control. [4] [5] [6] Compared with the diode rectifier, active front-end rectifier has full control of DC bus voltage and greatly reduces the weight of passive filters needed for limiting the input harmonic currents. [7, 8] For certain applications like aircraft and vehicles, power density and efficiency is critical. [9, 10] As a result, it would be very desirable, if the structure of PMG connected with an active front-end rectifier could be developed together with its unified control to improve the power density and efficiency of the AC-DC system. Permanent magnet synchronous machines (PMSM) are mostly used for industrial motor drive applications. Some of them are used as variable-speed wind generators. [11] [12] [13] In wind-energy conversion systems, however, the PMG-side rectifier controls the generator speed while the line-side inverter controls the DC link voltage. So the PMG and rectifier system cannot build up the DC link voltage without connecting to the grid. Few papers talk about the PMG and active front-end rectifier system as the AC-DC system and its related control. This paper presented a unified control for the PMG and rectifier system to improve the power density and efficiency of the system. It first describes the system model and parameters, as well as the reason to eliminate the additional boost inductors. Then, the paper introduces a unified control method with simulation verification. Both the DC link voltage and reactive power could be controlled accurately. The controller relies on the knowledge of PMG rotor position, and therefore a sensorless rotor position estimator algorithm derived from PM motor drive applications [14] is used successfully, which eliminates the need for rotor position transducer. A prototype hardware is developed and the experiment is conducted to verify the control strategy. Finally, it proposed a method to improve the system efficiency by appropriate reactive power distribution. As a result, the elimination of the additional boost inductors and position transducers improves the power density, while the reactive power control strategy improves the efficiency of the PMG and rectifier system.
II. MODEL OF PERMANENT MAGNET GENERATOR AND RECTIFIER SYSTEM
The work in this paper is based on the example system shown in Fig. 1 . The system consists of a permanent magnet generator, a two-level three phase active rectifier and a set of resistive load. In the system under study, the AC bus voltage is 107Vrms, the power rating is 400W, the DC bus voltage V dc is 300V, the fundamental frequency is 60Hz and the switching frequency is 20 kHz. For the PMG, the back EMF constant is 0.402Wb, the stator resistance is 3.4Ω, the d-axis stator inductance is 27.5mH and the q-axis stator inductance is 41.2mH.
The ac side inductor acts as the boost inductor for the voltage source rectifier and plays an important role in the system behavior. On the one hand, lower boost inductance means faster system dynamic response. On the other hand, the boost inductor needs to attenuate the harmonic components caused by rectifier switching. In the example system, the PMG stator inductance can limit the ac harmonic currents and total harmonic distortion (THD) is below 5%. As a result, there is no need for additional boost inductors involved between the PMG and the rectifier to limit the harmonic currents on ac side if the PMG and the rectifier are controlled together. In Fig. 2 , the PMG and the boost rectifier are modeled in the same d-q coordinates, in which the flux is on the d-axis and the back EMF is on the q-axis. For the transformation between a-b-c and d-q coordinates, the rotor position should be acquired. As a result, either the rotor position sensor or a sensorless control strategy is needed to get the rotor position. In the paper, an observer and a tracking controller is applied for the sensorless vector control, which will be discussed in section III.
III. CONTROL DESIGN FOR PERMANENT MAGNET
GENERATOR AND RECTIFIER SYSTEM Based on the model developed above, the unified control method for the system is proposed. Fig. 3 depicts the schematic of the proposed control method, which includes four control loops. The first is the inner current loops involved to control the ac currents in d-q axes respectively. The second is the outer voltage loop for dc output voltage regulation, which controls the active power by generating the i q command. The third is the instantaneous reactive power loop, which controls the converter reactive power via i d command. Additionally, a rotor position estimator loop is used to find the rotor position and speed for the d-q coordinates transformation. 
A. Vector Control Loops Design
The outer voltage loop regulates the dc link voltage. The output of the controller provides the reference for the q-axis current as shown in Fig. 4 (a). The proportional plus integral (PI) current and voltage controllers are chosen for the required system dynamics and stability. H v is the transfer function of the compensator and is given by (1) , where ω v is the bandwidth of the voltage loop.
The outer reactive power loop regulates the instantaneous reactive power in the system via i d command, as shown in Fig. 4 (b). Instantaneous reactive power in abc coordinates can be given by (2) . Then an integrator compensator is employed.
The inner current loops are designed to control the converter current in d-q coordinates. First, the d-q decoupling is considered to cancel out the dynamic interactions between the two current loops. Then a PI controller structure is employed as shown in Fig. 4 (c). The parameters used for the current loops design are obtained from the permanent magnet generator model developed in last section. The PI zero is set to cancel the machine dynamics and an integrator and gain is selected for to achieve better bandwidth and phase margin. 
B. Rotor Position Estimator Loop Design
As stated above, the location of d-q axes is determined by the rotor position. In conventional front-end rectifier, the input AC voltages are sensed and a PLL is employed to locate the d-q axes by regulating q-axes voltage component v q to be zero. In PMG and rectifier system, however, the back EMF cannot be sensed directly without a transducer such as resolvers or absolute encoders. Thus, the PMG terminal voltages and currents are sensed, an additional back EMF observer is needed to calculate the back EMF, and a PLL-based tracking controller located the d-q axes by forcing the d-axes back EMF component to be zero. Fig. 5 shows the difference of d-q axes location between the two systems.
In the rotor position estimator loop design, the dynamic response of the observer should be much faster than that of the tracking controller. A ratio of 10 times between the observer and tracking controller shows excellent performance. Besides, the vector control design is the function of the estimator employed. Thus the observer represents the fastest dynamic in the proposed control strategy, which is much faster than the current loops. A ratio of 6 times between the observer and current loop bandwidth is good enough for the control design. 
C. Simulation Verification
The average model of PMG and rectifier system is built in Saber to verify the proposed control method. Fig. 6 shows the waveforms of the PMG and active front-end rectifier system after applying a load step from 200W to 400W at 0.5s. After the load step, the ac input current increases to match the load power demand. The dc output voltage is at controlled effectively at 300V after a voltage dip. Fig. 7 and Fig. 8 show the simulation waveforms when the current leads and lags the voltage respectively, which verify that the boost rectifier can maintain a sinusoidal current waveform at ac side with an arbitrary value of fundamental power factor. The traces from top to bottom are: rotor angle, ac phase voltage v a , ac phase current i a and dc bus voltage V dc . 
IV. HARDWARE DEVELOPMENT AND EXPERIMENTS
The system hardware is setup to verify the proposed control strategy. Fig. 9 (a) shows the power stage and control circuit, including an IGBT IPM (6MBP30RH060), a drive board, a sensor board, a signal conditioning board and a DSP-FPGA digital controller. Fig. 9 (b) shows the permanent magnet generator, which gives the three phase ac power supply. For comparison, PMG is firstly connected with the diode bridge. Fig. 10(a) shows the steady state waveforms of PMG and the diode rectifier system. The traces from top to bottom are: rotor angle, ac voltage v a , dc bus voltage V dc and ac phase current i a .
The average value of the dc output voltage is 240V, a fixed value depending on the PMG terminal voltage. Fig.   10(b) shows the Fourier analysis result for the ac input current. The ac current THD is 30.31%.
With the closed-loop control, the steady state waveforms of the PMG and active front-end rectifier system at full speed are shown in Fig. 11(a) . At full speed, the line frequency is 60Hz. The RMS value of PMG terminal line to line voltage is 185V. The modulation index is 87.35%. The dc bus voltage is controlled effectively at 296.5V. Fig. 11(b) shows the Fourier analysis result for the ac input current. The ac current THD is 4.39%.
Compared with the diode rectifier, the active front-end rectifier has many benefits. The dc output voltage is regulated. The current harmonics on ac side is much lower, which significantly reduce the power loss in the generator caused by harmonic current.
To further test the control algorithm, the generator speed changes and load steps are applied in the PMG and active rectifier system. Fig. 12 shows the steady state waveforms of the PMG and active front-end rectifier system at half speed. At half speed, the line frequency is 30Hz. The RMS value of PMG terminal line to line voltage is 92V. The modulation index is 43.36%. The dc bus voltage is controlled effectively at 297.1V. Fig. 13 shows the waveforms of the PMG and active front-end rectifier system after applying a load step from 200W to 400W. At the load step, the ac input current increases quickly to match the load power demand. There is a small dc voltage dip at the time of the load step. After that the dc output voltage is at controlled effectively at 296.5V.
Both of the simulation and experimental results show that the rotor position is tracked well, both the dc link voltage and power factor could be controlled accurately when the generator operates at a wide range of speed and load. The effective control of the reactive power provides the opportunity to optimize the overall system efficiency by appropriate reactive power distribution, which is discussed in the next section in detail. In the PMG and rectifier system, the stator inductance consumes certain reactive power. Either the PMG or the rectifier should provide the reactive power. If the rectifier provides all the reactive power, the unity power factor control is achieved at the back EMF side, as shown in Fig.  14(a) . If the PMG provides all the reactive power, the unity power factor control is achieved at the generator terminal side, as shown in Fig. 14(b) . The overall system efficiency can be improved by appropriate reactive power distribution between the PMG and the rectifier. To analyze the efficiency, a loss model is built first for loss calculation at various reactive power distributions. The loss of the converter includes the conduction loss, the switching loss, the leakage current loss and the driving loss. In our study the leakage current loss and the driving loss are neglected. The conduction loss and switching loss are calculated based on a linear loss model.
The switching loss is given by
In (4), E on and E off are the rated IGBT turn on loss, turn off loss given for the reference commutation voltage and current V rated and I rated . E D is the turn off loss of the diode due to reverse recovery charge current. V dc and i indicate the actual commutation current and voltage respectively. f s is the switching frequency.
The conduction loss of the IGBT and diode is calculated with the close-form equations, which is given by In (5) and (6), V t and V f are the threshold voltage of the IGBT and diode respectively, while R ce and R ak are the differential resistance the IGBT and diode respectively. These four parameters can be obtained from the output characteristics in datasheet. M is the modulation index. φ is the displacement angle between the fundament of the voltage and the load current.
The loss of the generator includes copper loss, iron loss and mechanical loss. In the study, only the iron loss is considered for simplicity. Iron loss and mechanical loss are neglected. The copper loss is given by
where R s is the stator resistance and i is the ac current.
Based on the loss model stated above, the loss and efficiency of PMG and rectifier system is analyzed. The specifications of the systems are: electrical angular speed of generator is 1400rad/s, DC link voltage V dc is 350V and the load is from 0W to 3500W.
First the systems are designed to meet the specifications with two different unity power factor control strategies. Then the overall loss and efficiency of the two systems are calculated and compared. At last a new control strategy is proposed to improve the system efficiency by appropriate reactive power distribution between the PMG and the rectifier.
With unity power factor at back EMF side, PMG terminal voltage increases with load, as shown in Fig. 15(a) . To prevent over-modulation, the PMG terminal voltage should not exceed DC link voltage V dc at full load. Then back EMF is obtained and flux λ m is determined. Fig.  15(b)(c) shows the overall losses and efficiency of the system. The system efficiency at full load is 94.24%.
With unity power factor at generator terminal side, PMG terminal voltage decreases with load, as shown in Fig. 16(a) . To prevent over-modulation, the PMG terminal voltage should not exceed DC link voltage V dc at no load. Then back EMF is obtained and flux λ m is determined. Fig. 16 shows the overall losses and efficiency of the system. The system efficiency at full load is 94.06%.
In the second case, the PMG terminal voltage is comparatively low at full load. If the generator terminal voltage is increased to fully utilize the modulation index, the reactive current is reduced, which leads to the reduction of loss. A new constant terminal voltage is proposed. In Fig. 17 , the PMG generator terminal voltage keeps constant and the modulation index is fully utilized from no-load to full load. The reactive current needed at full load is thus significantly reduced from 6.37A to 2.14A. The system efficiency at full load is 94.75%. 18 shows the efficiency with three different design and control strategies. With unity power factor control at generator terminal side, the efficiency is higher than that with unity power factor control at back EMF side within most load range, especially at light load. However, it decreases significantly near full load. The constant voltage control reduces the reactive current at full load effectively and increases the efficiency from 94.06% to 94.75%. It is shown that with constant terminal voltage, the efficiency is highest at a wide range of load.
VI. CONCLUSIONS
The paper presents a unified control for the permanent magnet generator and rectifier system. The need for additional boost inductor and position transducer is eliminated for higher power density. Both the DC link voltage and generator power factor can be controlled effectively. The performance of the designed control system is analyzed and verified by simulation and experimental results. A constant terminal voltage control method is proposed to improved system overall efficiency by appropriate reactive power distribution. 
